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ABSTRACT
We examine the bright radio synchrotron counterparts of low-luminosity gamma-ray bursts (llGRBs)
and relativistic supernovae (SNe) and find that they can be powered by spherical hypernova (HN)
explosions. Our results imply that radio-bright HNe are driven by relativistic jets that are choked deep
inside the progenitor stars or quasi-spherical magnetized winds from fast-rotating magnetars. We also
consider the optical synchrotron counterparts of radio-bright HNe and show that they can be observed
as precursors several days before the SN peak with an r-band absolute magnitude of Mr ∼ −14 mag.
While previous studies suggested that additional trans-relativistic components are required to power
the bright radio emission, we find that they overestimated the energy budget of the trans-relativistic
component by overlooking some factors related to the minimum energy of non-thermal electrons. If an
additional trans-relativistic component exists, then a much brighter optical precursor with Mr ∼ −20
mag can be expected. Thus, the scenarios of radio-bright HNe can be distinguished by using optical
precursors, which can be detectable from . 100 Mpc by current SN surveys like the Kiso SN Survey,
Palomar Transient Factory, and Panoramic Survey Telescope & Rapid Response System.
Subject headings: supernovae: general, gamma rays: general
1. INTRODUCTION
A good fraction of core-collapse supernovae (SNe) has
bright radio counterparts called radio SNe. The radio
emission is due to the synchrotron emission from non-
thermal electrons accelerated at the shock with a velocity
of v ∼ 0.1c (e.g., Chevalier 1982, 1998). Such fast-moving
ejecta are formed when SN shocks break out of the pro-
genitor stars (Matzner & McKee 1999; Tan et al. 2001).
Therefore, radio SNe are good probes of the dynamics of
the SN ejecta, the progenitor structure, and the circum-
stellar medium (CSM; e.g., Weiler et al. 2002).
Intrinsically much brighter radio counterparts have
been observed in several broad-lined Type Ibc SNe (SNe
Ibc) or hypernovae (HNe). Previous authors claimed
that these radio emissions are too bright to be pow-
ered by the ejecta produced by SN/HN shock break-
out so that additional trans-relativistic components
are required (Soderberg et al. 2010; Chakraborti & Ray
2011; Chakraborti et al. 2014; Margutti et al. 2014;
Milisavljevic et al. 2015). They proposed that rela-
tivistic jets which barely punch out the progenitor
stars are the origins of the trans-relativistic compo-
nents (Margutti et al. 2014). In fact, some of these radio-
bright HNe are associated with low-luminosity gamma-
ray bursts (llGRBs), while others, like SN 2009bb and
SN 2012ap, did not show detectable high-energy emis-
sion. The latter events are called relativistic SNe.
To clarify the above arguments, in Figure 1, we show
the energy profile of SN/HN ejecta as a function of Γβ,
where β = v/c, and Γ = 1/
√
1− β2 is the Lorentz fac-
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tor. The solid lines correspond to the energy profiles of
a normal SN Ibc (black) and an HN (SN 2009bb; blue),
which are theoretically predicted from spherical explo-
sions (Matzner & McKee 1999; Tan et al. 2001). On the
other hand, the yellow point on the dashed line was ob-
tained by Soderberg et al. (2010) to explain the bright
radio counterpart of SN 2009bb. As one can see, there
is a significant gap between the blue line and the yellow
point on the dashed line. This is the reason why the pre-
vious authors introduced an additional trans-relativistic
component driven by a relativistic jet (the dashed line).
If this is the case, then radio-bright HNe may be a miss-
ing link between ordinary SNe Ibc and HNe associated
with GRBs.
In this paper, however, we show that the previous stud-
ies overestimated the energy and the speed of the trans-
relativistic ejecta. In Section 2, we describe the refreshed
shock model of a spherical SN/HN ejecta. This model is
used to calculate the emission from a radio-bright HN in
Section 3. In Section 3.1, we first estimate the energy
profile of HN ejecta, on the basis of the refreshed shock
model. We find that the energy profile is consistent with
that predicted from the spherical HN explosion (the blue
solid line in Figure 1). Then, we point out that the previ-
ous authors overlooked some factors related to the mini-
mum energy of the non-thermal electrons. In Section 3.2,
we consider the optical counterpart of a radio-bright HN,
and show that it can be observed at 0.01-1 days after the
shock breakout as the precursor of SN emission. Such op-
tical precursors can be detected using current and future
SN surveys and provide further insight into the explosion
mechanism of HNe and the circumstellar environments.
In particular, the detection of an optical precursor can
be crucial to distinguish between our model and the pre-
vious one. In Section 3.3, we discuss the effect of the
phenomenological parameters on our results. Section 4
is devoted to the summary and discussion.
2. MODEL
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Figure 1. Energy profile of a SN/HN ejecta as a function of Γβ.
The red points show the total energy of an SN/HN Ein, and the
solid lines show the profiles theoretically predicted from spheri-
cal SN/HN explosions (Equations (1)-(3)). The black line corre-
sponds to the representative case of an SN Ibc with (Ein,Mej) ∼
(1051 erg, 3 M⊙), and the blue line to an HN with (Ein,Mej) ∼
(1052 erg, 4.8M⊙), which is consistent with SN 2009bb. The yellow
point on the dashed line corresponds to the energy of the trans-
relativistic ejecta which is estimated by Soderberg et al. (2010).
The yellow and green regions on the blue line show the shells con-
tributing to the radio (at 10-1000 days) and optical (at 0.01-1 days)
synchrotron emissions, respectively. They are determined on the
basis of the refreshed shock model in this paper.
2.1. Dynamics
First, we model the energy profile of the ejecta pro-
duced by a spherical SN/HN explosion (Section 2.1.1),
and then we model the deceleration of such ejecta in the
CSM (Section 2.1.2).
2.1.1. Ejecta Profile
Let us consider an SN/HN explosion with a total en-
ergy of Ein and an ejecta mass of Mej. The SN/HN
blast wave is accelerated as it propagates through the
outer envelope of the progenitor where the density de-
clines steeply (Sakurai 1960; Johnson & McKee 1971). A
small fraction of the surface layer can be accelerated up
to trans-relativistic velocities, Γβ ∼ 1. After the break-
out, the shocked ejecta are further accelerated by con-
verting the internal energy into the kinetic energy. The
resultant cumulative kinetic-energy distribution can be
described as (Matzner & McKee 1999; Tan et al. 2001;
the solid lines in Figure 1)5
Ekin(> Γβ) = E˜F (Γβ), (1)
where F (Γβ) is a decreasing function of Γβ and is given
in Equation (38) of Tan et al. (2001) as6
F (Γβ) ∼ 20 [(Γβ)−3.85/4.1 + (Γβ)−0.83/4.1]16.4/3, (2)
5 E˜ and F (Γβ) also depend on the progenitor structure,
for which we adopt the same stripped-envelope progenitor as in
Tan et al. (2001). Following their convention, we assume the fol-
lowing set of parameters: q = 4.1, γp = 4/3, Cnr = 2.03, fρ = 0.63,
fsph = 0.85 and A = 0.736.
6 More precisely, the proportionality coefficient of Equation (2)
is not a constant, but a complex function of Γβ (Tan et al. 2001).
This evaluation is valid for Γβ . 1.
and the energy coefficient, E˜, is evaluated as
E˜ ∼ 5.5× 1040
(
Ein
1051 erg
) 10.7
3
(
Mej
3 M⊙
)− 7.7
3
erg. (3)
In Figure 1, we show the representative case of
an SN Ibc (the black line) with (Ein,Mej) =
(1051 erg, 3 M⊙), and an HN (the blue line) with
(Ein,Mej) = (10
52 erg, 4.8 M⊙), which is consistent with
SN 2009bb (Pignata et al. 2011).
2.1.2. Dynamics of the Decelerating Ejecta
We assume a power law for the CSM density pro-
file, nw(R) = A2R
−2, where R is the radius and A2 =
M˙/(4πvwmp) with M˙ , vw, and mp being the mass loss
rate, the wind velocity, and the proton mass, respectively.
Here, we fix the wind velocity as vw = 1000 km s
−1,
which is a typical value for Wolf-Rayet (W-R) stars (e.g.,
Crowther 2007).
Since the outer shells have larger velocities and smaller
energies, they decelerate first by interacting with the
CSM. The decelerated shells constitute a shocked re-
gion. The inner, slower shells successively catch up
with the shocked region and energize it (refreshed shock;
Rees & Me´sza´ros 1998). The total energy in the shocked
region can be calculated as (Taylor 1950; Sedov 1959;
Blandford & McKee 1976; De Colle et al. 2012)
Esh(Γβ,R) = R
3(Γβ)2nw(R)mpc
2
×
[
8π
9
β2 +
9
4α2
(1− β2)
]
, (4)
for a shock velocity βc and radius R. Here, α
1/3
2 =
0.78.7 As long as radiative cooling is negligible,
Esh(Γβ,R) is equal to the original kinetic energy
Ekin(> Γβ), so that the shock velocity can be esti-
mated from (Sari & Me´sza´ros 2000; Kyutoku et al. 2014;
Barniol Duran et al. 2015)
Ekin(> Γβ) = Esh(Γβ,R). (5)
By integrating dR/dt = β(R)c with respect to the lab-
frame time t, the shock radius can be obtained as a func-
tion of t as R = R(t). Moreover, the lab-frame time
can be related to the observer-frame time tobs through
dtobs/dt = 1− β(R).
In the non-relativistic limit, Equation (5) can be ap-
proximately represented as
20E˜β1−snr ∼ 9R3β2nw(R)mpc
2/4α2, (6)
where snr = 18.4/3. From this, the time evolution of the
blast wave radius can be calculated from
R(tobs) ∼ [(4α2/9c)(20E˜/A2mpc
2)]1/(snr+2)
× c (tobs/s˜nr)
s˜nr , (7)
where s˜nr = (snr +1)/(snr+ 2). After the shock velocity
becomes smaller than that of the slowest shell, the evolu-
tion can be described by the Sedov-von Neumann-Taylor
solutions with an energy of Ein.
7 Equation (4) reproduces the numerical results of blast wave
evolution within a maximum difference of 5%, both in the trans-
relativistic and non-relativistic regimes (De Colle et al. 2012).
32.2. Synchrotron Emission
Next, we model the synchrotron emission from the de-
celerating SN/HN ejecta based on the external shock
model of non-relativistic fireballs (Waxman et al. 1998;
Frail et al. 2000; Sironi & Giannios 2013). We note that
while the equations below explicitly contain the Lorentz
factor Γ of the shocked fluid, the non-relativistic regime
can be consistently calculated by approximating Γ ≈ 1
and Γ− 1 ≈ β2/2.
We make a few assumptions for simplic-
ity (Sironi & Giannios 2013). First, we take as
constants the fractions of the internal energy in the
post-shock fluid that are used to generate turbulent
magnetic fields and to accelerate non-thermal electrons,
ǫB and ǫe, respectively. Second, all of the electrons
that are swept up by the blast wave are accelerated.
Third, the injection spectrum of the non-thermal
electrons is a single power law with an index of p:
n(γe)dγe = n0γ
−p
e dγe (γe ≥ γm), where γe is the Lorentz
factor of the non-thermal electrons, γm is the minimum
value, n(γe) is the number density of the accelerated
electrons, and n0 is the normalization factor.
The number density and the internal energy
density of the post-shock fluid are calculated
from (Blandford & McKee 1976)
nps = 4Γnw, (8)
and
eint = 4Γ(Γ− 1)nwmpc
2, (9)
respectively. From the assumptions above,∫∞
γm
n0γ
−p
e dγe = 4Γnw and
∫∞
γm
n0γ
1−p
e mec
2dγe = ǫeeint
where me is the electron mass. Then, n0 and γm can be
calculated from
n0 = (p− 1)γ
p−1
m 4Γnw, (10)
and
γm = 1 +
mp
me
p− 2
p− 1
ǫe(Γ− 1). (11)
The magnetic field strength is calculated from B2/8π =
ǫBeint as
B = [8πmpc
2ǫBnw4Γ(Γ− 1)]
1/2. (12)
The electron energy spectrum becomes a broken power
law due to significant synchrotron cooling above a critical
Lorentz factor γc, where an electron loses almost all of
the energy within the dynamical time:
γc =
6πmec
σTB2Γt
. (13)
The synchrotron frequencies corresponding to electrons
with γm and γc are
νm,c = ν(γm,c) =
QB
2πmec
γ2m,cΓ, (14)
where Q is the elemental charge. Synchrotron self-
absorption (SSA) becomes important at radio fre-
quencies. The optical depth for SSA can be cal-
culated from τ(ν) ∼ α(ν)R/Γ (Panaitescu & Kumar
2000; Inoue 2004), where α(ν) is the absorption coeffi-
cient (Rybicki & Lightman 1979). Note that the width
of the shocked region can be evaluated from ∆R ∼ R/Γ2
in the lab frame, and ∆R′ ∼ R/Γ in the comoving
frame. We determine the absorption frequency νa from
τ(νa) = 1.
We consider the emission only from the forward shock
region. In the observer frame, the total synchrotron
power emitted from a relativistic electron with γe is given
by P (γe) = (4σTc/3)(B
2/8π)γ2eΓ
2 (Rybicki & Lightman
1979). Since the emitted photon energy concentrates
around the typical synchrotron frequency ν(γe), the spec-
tral peak power from a single electron Pν,max can be cal-
culated from
Pν,max ∼
P (γe)
ν(γe)
=
mec
2σT
3Q
BΓ. (15)
If self-absorption is negligible, then the peak flux den-
sity Fν,max from all of the non-thermal electrons can be
calculated from
Fν,max ∼
Pν,max4πnwR
3
4πD2
, (16)
where D is the distance to the source and∫ R
0 4πR
′2nw(R
′)dR′ = 4πnwR
3 is the total number
of the swept-up electrons.
In the synchrotron emission model, the spectral en-
ergy distribution (SED) has three break frequencies, νa,
νm, and νc (Sari et al. 1998; Panaitescu & Kumar 2000;
Inoue 2004). In the radio-emitting phase, the follow-
ing inequality holds among these frequencies: νm <
νa < νc. In this case, the SED can be approximately
calculated from the broken power law (Sari et al. 1998;
Granot & Sari 2002)
Fν ∼ Fν,max


(
νa
νm
)−(p−1)/2 (
ν
νa
)5/2
, νm < ν < νa,(
ν
νm
)−(p−1)/2
, νa < ν < νm,(
νc
νm
)−(p−1)/2 (
ν
νc
)−p/2
, νc < ν.
(17)
The SED peaks at the absorption frequency
νp = νa, (18)
where the peak flux density Fp can be calculated from
Fp = Fνa ∼ Fν,max(νa/νm)
−(p−1)/2. (19)
Our model has five input parameters: E˜, ǫe, ǫB, p, and
M˙ (or A2). On the other hand, the observed radio spec-
trum is essentially characterized by three parameters, νp,
Fp, and the spectral slope, which can be associated with
νa, Fνa , and p, through Equations (17)-(19). Thus, from
radio observations, one can determine E˜ and M˙ (or A2)
for a given set of ǫe and ǫB (see Equations 20 and 21 for
the explicit forms).
3. RESULT
First, in Section 3.1, we first estimate the energy pro-
file of the ejecta of a radio-bright HN from the observed
radio spectrum, on the basis of the refreshed shock model
in the previous section. We focus on SN 2009bb at
D = 40 Mpc, since the observed data are available from
Soderberg et al. (2010). We find that the energy pro-
file is consistent with that predicted from the spherical
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Figure 2. Radio light curve of SN 2009bb. The black data points
are taken from Soderberg et al. (2010). The solid lines show our
theoretical fit with ǫe = ǫB = 0.33, p = 3, E˜ = 6 × 10
43 erg, and
M˙ = 10−6 M⊙ yr−1. Note that E˜ = 6 × 1043 erg corresponds to
the blue solid line in Figure 1. The dashed and dotted lines show
a higher (M˙ = 10−5 M⊙ yr−1) and a lower (M˙ = 10−7 M⊙ yr−1)
mass loss cases, respectively.
HN explosion. Then, we discuss the origin of the dif-
ference between our results and the previous studies. In
Section 3.2, we focus on the synchrotron emission at op-
tical frequencies and suggest that it can be an important
counterpart for discriminating the origin of radio-bright
HNe. Finally, in Section 3.3, we discuss the impact of
the phenomenological parameters on our results.
3.1. Radio Afterglow
Here, to begin, we estimate the energy profile of a HN
ejecta from the observed radio spectrum on the basis of
the refreshed shock model in the previous section. By
substituting Equations (7)-(16) into Equations (18) and
(19), we can estimate E˜ and M˙ as functions of ǫe and ǫB
as
E˜ ∼ 6× 1043
[( ǫB
0.33
)(snr+10)(1−p) ( ǫe
0.33
)(snr−4p+1)]1/(4p+9)
×
(
νp
6 GHz
tfit
20 day
)(−snr(2p+13)+24p−31)/(4p+9)
×
(
Fp
20 mJy
)(snr(p+6)−6(p−4))/(4p+9)
erg
∝ ǫ
−14.6/63
B ǫ
−96.8/63
e , (20)
and
M˙ ∼ 10−6
( ǫB
0.33
)−(4p+1)/(4p+9) ( ǫe
0.33
)−8(p−1)/(4p+9)
×
(
νp
6 GHz
tfit
20 day
)2(12p−7)/(4p+9)
×
(
Fp
20 mJy
)−4(2p−3)/(4p+9)
M⊙ yr
−1
∝ ǫ
−13/21
B ǫ
−16/21
e , (21)
where Fp ∼ 20 mJy and νp ∼ 6 GHz are the peak flux
density and the peak frequency determined from the ra-
dio spectrum at tfit ∼ 20 days in Soderberg et al. (2010).
Note that snr = 18.4/3 from Equation (6) and the spec-
tral index is obtained as p ∼ 3 from the observed spec-
tral slope (Soderberg et al. 2010). On the other hand,
the plausible values of the phenomenological parameters
ǫe and ǫB, are uncertain. Here, we adopt the equiparti-
tion values, since the main aim is to compare our esti-
mate of the energy profile with that of Soderberg et al.
(2010). We discuss the impact of the phenomenological
parameters on our results in Section 3.3. Note that the
energy profile with E˜ = 6 × 1043 erg corresponds to the
blue solid line in Figure 1. Therefore, our results imply
that the energy profile of a radio-bright HN, SN 2009bb,
is consistent with that predicted from the spherical HN
explosion, and it does not require the additional trans-
relativistic component.
In Figure 2, we compare the light curves of SN 2009bb
in the radio band with those calculated by the refreshed
shock model. The black points correspond to the ob-
served data from Soderberg et al. (2010). The solid blue
lines are the results of our theoretical calculation with
E˜ = 6 × 1043 erg, M˙ = 10−6 M⊙ yr
−1, ǫe = ǫB = 0.33,
and p = 3. For comparison, we also show the cases
of the higher (M˙ = 10−5 M⊙ yr
−1) and lower (M˙ =
10−7 M⊙ yr
−1) mass loss rates with the dashed and dot-
ted lines, respectively. The radio flux becomes larger and
the peak time comes later for the higher wind density.
One can see that the radio counterpart of SN 2009bb
can be well explained by the refreshed shock model us-
ing the estimated energy profile, CSM density, and the
adopted equipartition parameters.
Next, let us compare the obtained energy profile with
that of the previous studies. Using the yellow and green
regions on the blue solid line of Figure 1, we show the
shells contributing to the radio and optical synchrotron
emission, respectively. The radio-emitting shells have
Γβ ∼ 0.4-0.2 and the cumulative energies of Esh ∼
1048-1049 erg for tobs ∼ 10-10
3 days (the yellow region
on the solid line). On the other hand, Soderberg et al.
(2010) estimated Γβ ∼ 0.85, Esh ∼ 10
49 erg (the yellow
point on the dashed line), and M˙ = 2 × 10−6 M⊙ yr
−1
by fitting the radio spectrum of SN 2009bb at tobs ∼ 20
days. We find, however, that they may overestimate Esh
and Γβ by overlooking some factors related to the min-
imum Lorentz factor (γm) of the non-thermal electrons.
Hereafter, we discuss the origin of the discrepancy in
their estimate following their arguments.
By replacing El (the minimum energy of the non-
thermal electrons) in Equations (11) and (12) of
5Chevalier (1998) with γm,fitmec
2, we obtain the emission
radius Rfit and the magnetic field strength Bfit as
Rfit ∼ 3.8× 10
16
(
Fp
20 mJy
)9/19 ( νp
6 GHz
)−1
×
( ǫB
0.33
)1/19 ( ǫe
0.33
)−1/19
γ
−1/19
m,fit cm, (22)
and
Bfit ∼ 0.48
(
Fp
20 mJy
)−2/19 ( νp
6 GHz
)
×
( ǫB
0.33
)4/19 ( ǫe
0.33
)−4/19
γ
−4/19
m,fit G, (23)
respectively. We can see that Rfit and Bfit at tfit weakly
depend on γm,fit ≡ γm(tfit). This is also pointed out in
Chevalier & Fransson (2006). From Equation (22), Γβ
at tfit can be estimated as
(Γβ)fit ∼ Rfit/ctfit
∼ 0.73
(
Fp
20 mJy
)9/19(
νp
6 GHz
tfit
20 day
)−1
×
( ǫB
0.33
)1/19 ( ǫe
0.33
)−1/19
γ
−1/19
m,fit . (24)
The blast wave energy is given by Esh ∼ R
3
fitB
2
fit/12ǫB,
and substituting Equations (22) and (23), it is evaluated
as
Esh ∼ 3.1× 10
48
(
Fp
20 mJy
)23/19 ( νp
6 GHz
)−1
×
( ǫB
0.33
)−8/19 ( ǫe
0.33
)−11/19
γ
−11/19
m,fit erg. (25)
Finally, from the definition of the mass loss rate M˙ =
4πR2ρwvw and Equation (12), one can obtain M˙ =
(vw/8ǫBc
2)(B2R2/Γ(Γ− 1)) ∼ (vw/4ǫB)t
2
obsB
2, or
M˙ ∼ 1.9× 10−6
(
Fp
20 mJy
)−4/19(
νp
6 GHz
tfit
20 day
)2
×
( ǫB
0.33
)−11/19 ( ǫe
0.33
)−8/19
γ
−8/19
m,fit M⊙ yr
−1, (26)
where we use R ∼ βctobs in the non-relativistic limit.
Equations (25) and (26) show that the blast wave en-
ergy (Esh) and the CSM density (M˙) strongly depend
on γm,fit.
If we set γm,fit = 1, then we can reproduce the esti-
mates of Soderberg et al. (2010) by a factor of less than
a few from Equations (24)-(26). According to Equation
(11), however, we should set γm,fit ∼ 100 for p = 3,
ǫe = ǫB = 0.33, and Γβ = 0.85, which they adopted in
their study. If we substitute γm,fit ∼ 100 into Equations
(24)-(26), then we obtain Γβ ∼ 0.57, Esh ∼ 2.2×10
47 erg,
and M˙ = 2.7 × 10−7 M⊙ yr
−1. Thus, Soderberg et al.
(2010) overestimated Γβ, Esh, and M˙ by overlooking the
large factor related to γm,fit. If they correct this point,
their results are consistent with ours.
3.2. Optical Synchrotron Precursor
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Figure 3. Optical synchrotron precursor expected from the radio
observation of SN 2009bb (the blue solid line). The black points
correspond to the r-band light curve of SN 2009bb (Pignata et al.
2011) and the dashed lines to the 5σ sensitivity of PTF (60 s),
KISS (180 s), Pan-STARRS (30 s), and LSST (30 s) from up to bot-
tom, respectively, where the values in the parentheses correspond
to the integration times. We see that an optical synchrotron pre-
cursor is predicted against the canonical SN emission for tobs < 1
day. Especially for tobs . 0.1 day, such a precursor may be detected
by the current detectors. For comparison, we also show the results
of higher (M˙ = 10−5 M⊙ yr−1) and lower (M˙ = 10−7 M⊙ yr−1)
mass loss cases with the dashed and dotted lines, respectively. The
optical synchrotron precursor will evolve as the orange dotted-
dashed line if the estimates of Soderberg et al. (2010) were cor-
rect. Note that in Section 3.1, we show that they overestimated
the energy of the HN ejecta. Future observations of SN 2009bb-like
events can confirm whether our predictions or theirs are correct.
We can see from the blue line in Figure 1 that the trans-
relativistic ejecta with Γβ ∼ 1 still have a large amount
of energy. Emission from such trans-relativistic ejecta
can be expected from earlier times at higher frequencies
compared to the radio emission. Here, we consider the
synchrotron emission at optical frequencies. Since a fre-
quency in the optical band νopt is found to be larger than
νa, νm, and νc at all times, the light curve can be cal-
culated from the equation given by the last column of
Equation (17), i.e., νc < νopt.
In Figure 3, the solid blue line represents the opti-
cal synchrotron flux calculated from the above param-
eter values, and the black points represent the r-band
light curve of SN 2009bb (Pignata et al. 2011). Here, we
adopt the color excess of EB−V = 0.58 (Pignata et al.
2011). The dashed lines show the 5σ sensitivity of
the Palomar Transient Factory (PTF, 60 s; Law et al.
2009; Rau et al. 2009), Kiso Supernova Survey (KISS,
180 s; Morokuma et al. 2014), Panoramic Survey Tele-
scope & Rapid Response System (Pan-STARRS, 30 s;
Kaiser et al. 2002), and Large Synoptic Survey Tele-
scope (LSST, 30 s)8 from top to bottom, respectively,
where the values in the parentheses correspond to the
integration times. We find that at ∼ 0.01-1 days after
shock breakout, such optical synchrotron emission can
be seen as precursors of canonical HN emission. Es-
pecially for tobs . 0.1 day, such precursors can be de-
tectable even using current detectors. For comparison,
we also show the cases of higher (M˙ = 10−5 M⊙ yr
−1)
and lower (M˙ = 10−7 M⊙ yr
−1) mass loss rates with the
dashed and dotted lines, respectively. Brighter precur-
8 http://www.lsst.org/lsst/
6sors can be expected for the denser wind envelopes, and
so it can be a good probe of the circumstellar environ-
ments. Note that the shells contributing to the optical
precursor have velocities larger than those contributing
to the radio afterglow: the former have Γβ ∼ 1-0.5 and
the cumulative energies of Esh ∼ 10
46-1047 erg for tobs ∼
0.01-1 days (the green region in Figure 1).
An optical precursor can also be expected from the en-
ergy profile of Soderberg et al. (2010), which is shown
to be overestimated in Section 3.1. In Figure 3, the or-
ange dotted-dashed line is the optical precursor calcu-
lated from their energy profile. We can see that their
optical precursor is by ∼ 6 AB magnitude brighter than
ours, so that we will be able to distinguish between our
estimate and theirs from the future observations of the
SN 2009bb-like events. More generally, one can test
whether a radio-bright HN really requires an additional
trans-relativistic component when we combine the obser-
vations of an optical precursor, SN emission, and a radio
afterglow. Thus, the detection of an optical precursor
can be crucial to determine the explosion mechanism of
a radio-bright HN.
3.3. Dependence on Phenomenological Parameters
So far, we adopt the equipartition values for the phe-
nomenological parameters, ǫe = ǫB = 0.33, since our
main goal is to compare our estimate of the energy profile
with that of Soderberg et al. (2010). The plausible val-
ues of these parameters are, however, rather uncertain.
For example, from the combined analysis of the late-time
radio and X-ray emission of Type IIb SNe, lower values of
ǫe are obtained, ǫe ∼ 0.01, ǫB ∼ 0.1 (Maeda 2012), while
GRB afterglows show the opposite trends: ǫe ∼ 0.1, ǫB ∼
0.01 (Panaitescu & Kumar 2002; Yost et al. 2003).
We can estimate the larger values of E˜ and M˙ for the
smaller values of ǫe and ǫB (see Equations 20 and 21).
For example, for ǫe ∼ 0.01, ǫB ∼ 10
−3, we can obtain
M˙ ∼ 5.2 × 10−4 M⊙ yr
−1 and E˜ ∼ 5 × 1046 erg. In
this case, the resultant energy profile passes through the
yellow point in Figure 1, while the wind mass loss rate is a
bit larger than those of the Galactic W-R stars: M˙WR <
10−4 M⊙ yr
−1 (Crowther 2007; Smith 2014). If this is
the case, then we can suggest that a radio-bright HN may
require an additional trans-relativistic component.
We also confirm that while the brightness of the op-
tical precursor tends to become dimmer for the smaller
values of ǫe and ǫB, the difference is at most of 1 AB
magnitude, and that it is still be detectable even by the
current detectors at tobs & 0.01 day after shock breakout.
4. DISCUSSION
Previous studies claimed that radio-bright HNe can-
not be powered by the ejecta produced by a spherical
HN explosion, and that an additional trans-relativistic
component is required. They proposed that relativistic
jets that barely punch out the progenitor stars can be
the origin of the trans-relativistic component. In this
paper, however, we focus on a radio-bright HN and find
that they overestimated the energy and the speed of the
trans-relativistic ejecta, since they overlooked some fac-
tors related to γm,fit. In addition to the radio afterglow,
we also consider the optical counterpart of a radio-bright
HN and find that it can be observed as the precursor
of canonical SN emission by current and future SN sur-
veys. An optical precursor can also be expected from
the energy profile of the previous studies. We find that if
their estimates were correct, then we would see an opti-
cal precursor that is by ∼ 6 AB magnitude brighter than
ours. Therefore, the detection of an optical precursor
can be crucial to distinguish between our estimate and
the previous one. More generally, one can test whether a
radio-bright HN really has an additional trans-relativistic
component by combining the observations of an optical
precursor, SN emission, and a radio afterglow.
We find that even the current SN surveys can detect
09bb-like optical precursors at the very early times up to
∼ 100 Mpc. Since the fraction of 09bb-like HNe is ∼ 0.7
% of SNe Ibc (Soderberg et al. 2010), we may expect a
good event rate of . 0.5 yr−1 for 09bb-like optical coun-
terparts from PTF and KISS. In the LSST era, we can
expect the detection of optical precursors not only from
more distant events but also from ordinary HNe. They
would provide deeper insight into the GRB-SN connec-
tion. Note that they would not be hidden by the SN
shock breakout emission since its duration and spectrum
peak are expected to be RWR/c ∼ 1-10 s and to be in
the UV to X-ray bands, if we consider a typical stripped-
envelope WR progenitor (Chevalier & Fransson 2008).
Recently, Barniol Duran et al. (2015) calculated the
afterglow emissions of relativistic shock breakout based
on the refreshed shock model. They showed that both
the prompt and afterglow emission of llGRBs can be con-
sistently explained in the framework of relativistic shock
breakout (Nakar & Sari 2012). However, they mainly fo-
cused on the llGRBs and late-time (& 1 day) afterglow
emissions, and did not consider the trans-relativistic mo-
tion, which is relevant to our study.
Our results and those of Barniol Duran et al. (2015)
imply that the central engine of radio-bright HNe should
produce quasi-spherical ejecta. One possible scenario for
the central engine is that the relativistic jet is choked
deep within the progenitor star, since the duration of the
central engine activity is much shorter than the breakout
timescale, as discussed in Lazzati et al. (2012). Another
possibility is that the central engine is a rapidly rotating
magnetar that generates a quasi-spherical outflow (e.g.,
Thompson et al. 2004).
At the early evolution stage (tobs . 0.3 day), when
the blast wave radius is still small and the CSM is
dense enough, we find that the absorption frequency
νa becomes larger than the cooling frequency νc. In
this case, self-absorption may become a heating source
for the accelerated electrons. Electrons are piled up
at a Lorentz factor where self-absorption heating and
synchrotron cooling balance each other (McCray 1969;
Ghisellini et al. 1988). Moreover, the radiation spectrum
approaches a quasi-thermal spectrum for ν < νa. We
find, however, that the absorption frequency may always
be smaller than any frequency νopt in the optical band:
νopt > νa ∼ 2 × 10
12(tobs/0.1 day)
−0.84 Hz for fiducial
parameters ǫe = ǫB = 0.33, E˜ = 6 × 10
43 erg, and
M˙ = 10−6 M⊙ yr
−1. Therefore, self-absorption heat-
ing may not qualitatively change the optical precursor in
Figure 3.
We also check that inverse Compton (IC) emission
does not significantly vary our results as long as we
7adopt the fiducial parameters of equipartition. Here, we
consider the synchrotron-self-Compton (SSC) emission
and external-IC (EIC) emission. We find that SSC emis-
sion is weak for all of the time, since the Compton Y
parameter can be evaluated as YSSC < 0.62 (Sari & Esin
2001). For EIC emission, since SN thermal photons
dominate the external radiation field, we should com-
pare the energy density of SN thermal photons Urad ∼
0.11(Lbol/10
42.7 erg s−1)(tobs/10 day)
−1.8 erg cm−3
with that of the magnetic filed UB ∼
0.034 (tobs/10 day)
−2 erg cm−3, where Lbol is the
bolometric peak luminosity. As we can see from Figure
3, for tobs > 50 days, the SN becomes so dim that
Urad ≪ UB, and EIC emission can be negligible, while
for tobs . 50 days, the SN is still bright enough that
Urad & UB, and EIC can be the dominant cooling
process. Since the observed radio light curve can be
reproduced quite well for tobs > 50 days with the
synchrotron emission model (Figure 2), EIC does not
affect for determining the model parameters.
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